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Abstract 
The feasibility of flow pattern in pressure forebay of hydropower station is studied by using computational fluid 
dynamics method (CFD). First, calculation is verified through typical examples based on Flow-3D of CFD software, 
and the good agreement between calculating results and empirical formula shows the accuracy and reliability of CFD 
method. Then, taking a specific hydropower station for an example, velocity distribution and the flow pattern 
variation of pressure forebay under three different operating conditions such as full load rejection, one-unit load 
acceptance and two-unit successive load acceptance are analyzed in details. The study shows that, at full load 
rejection and load acceptance conditions, the flow pattern at water inlet is good and water level fluctuation is steady 
although vortex shapes in a pressure forebay. It provides a basis for the hydraulic optimization design of pressure 
forebay. 
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1. Introduction 
Forebay (short for pressure forebay) is an important building of non-pressure diversion-type 
hydropower station. The primary functions of forebay are to regulate water volume, steady water flow 
and reduce water level fluctuation. There are some basic requirements that smooth water flow, small head 
loss, no obvious flow separation and vortex phenomenon are required when generating units are under 
normal working condition. But when under some unsteady working conditions such as load rejection or 
load acceptance, the rise and fall of water level in the forebay should not be large. And obvious 
 
* Corresponding author. Tel.: +0-598-362-8058; fax: +0-598-366-5408. 
E-mail address: hcs058@126.com. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for Resources, 
Environment and Engineering Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
129HOU Caishui  / Procedia Engineering 28 (2012) 128 – 1352 Author name / Procedia Engineering 00 (2011) 000–000 
backflow, insufficient submerged water depth and air-breathing vortex should be prevented as well, 
which will affect the safe operation of generating units. Therefore, analysis of flow pattern in the forebay 
has a great significance for the safe and stable operation of the generating units. 
Currently, the main methods for the study of forebay are model test and theoretical analysis. For 
examples, Paper [1] analyzed basic characteristics of water level, velocity distribution and flow pattern of 
a forebay flow field after load rejection through hydraulic model tests. Paper [2] explored calculation 
methods for a forebay volume by employing the theory of unsteady flow in open-channel. Based on 
statistical analysis of a forebay, combines with the Saint-Venant equations and other theoretical analysis, 
reference values for determining the size of a forebay volume were work out, which was shown in Paper 
[3]. Algebraic method was used to derive the inverse wave velocity and wave height of a forebay in 
rectangular open channel, which was shown in Paper [4]. However, model test is uneconomic, long-
cycled, costly and time-consuming, and theoretical equations can only calculate water level, wave 
velocity and flow. While the latest CFD simulation method with good flexibility, reliable precision and 
low cost provides a new choice for the study of flow pattern in a forebay. 
Taking a specific hydropower station for an example, velocity distribution and the flow pattern 
variation of a forebay is simulated and analyzed at three typical operating conditions such as full load 
rejection, one-unit load and two-unit successive load by using RNG    turbulence model based on 
Flow-3D of CFD software. It provides a basis for hydraulic optimization design. 
2. Mathematical model and calculation method 
2.1. RNG   model 
At present, the most widely-used model in the project is   turbulence model of RANS law, 
which possesses the merits of moderate computation and good accuracy[5]. However, there exist some 
limitations in the   model. For this reason, many scholars proposed some improvement solutions, 
the most representative of which are RNG   turbulence model and Realizable   turbulence 
model. Given the flow characteristics of separation, diffusion, backflow in flow field of a forebay, this 
paper employs RNG   turbulence model and uses Flow-3D software for the calculation. The 
corresponding transport equations of turbulent momentum and dissipation rate in RNG   model 
are as follow [6]: 
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each symbol is shown in literature [6]. 
2.2. VOF model 
VOF method[7] is a way used to track two or more non-penetrate fluids interfaces. For water-air two-
phase flow, volume of fluid method (VOF) is applied to tracing free surface. It can be solved by the 
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following continuity equation: 
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Water and gas phases have a common velocity field and pressure field. But in the turbulence model, 
the density and molecular viscosity are determined by the weighted volume fraction. 
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In the formula, wa  represents volume fraction of water. 1wa   indicates that the vessel is completely 
filled with water; 0wa   refers that the vessel is completely filled with air; 0 1wa  means that the 
vessel is part of water and part of air with free surface. w and a respectively represents the density of 
water and air. w and a  respectively stands for molecular viscosity coefficient of water and air. 
3. Validation of calculation model and method 
In order to verify the reliability and accuracy of CFD method, the effect of three typical examples are 
validated when unsteady flows pass through broad crest weir, WES weir and open-channel. 
Table 1 shows that the flow coefficients of broad crest weir obtained by numerical calculation agree 
quite well with those presented in Paper [8], and the relative error is less than 4%. 
Table 1. Calculation Table of Flow Coefficient m of Broad Crest Weir  
Working Condition P / H m Value from Empirical Equation m Value from CFD Simulation Relative Error 
1 1.3333 0.331 0.344 3.8% 
2 1.0000 0.337 0.349 3.7% 
3 0.8000 0.341 0.354 4.0% 
4 0.6667 0.344 0.357 3.8% 
5 0.5714 0.347 0.361 3.9% 
Table 2 shows that the flow coefficients of WES weir obtained by numerical calculation agree much 
better with those presented in Paper [8], and the relative error is less than 1%. 
Table 2. Calculation Table for Flow Coefficient m of WES Weir 
Working Condition H / Hd m Value from Empirical Equation m Value from CFD Simulation Relative Error 
1 1.0 0.502 0.499 -0.54% 
2 0.9 0.493 0.492 -0.20% 
3 0.8 0.486 0.486 -0.08% 
4 0.7 0.478 0.478 -0.05% 
5 0.6 0.468 0.470 0.51% 
Fig.1 shows that fluctuation cycle, the maximum upper water level and the maximum deep water flow 
in open-channel obtained from CFD simulation are almost consistent with the results of Saint-Venant 
equations in Paper [9]. However, the attenuation of result from Saint-Venant equation is very slow, while 
that of Flow-3D calculation is slightly faster [10], closer to the actual situation. 
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4. Simulation of flow pattern in pressure forebay  
4.1. Project profile and calculation conditions 
A pressure forebay of some power plant consists of body, diffuser, discharging structure and pressure 
pipe inlet. The cross-section of a diversion canal is trapezoid-shaped cross-section, its top side is 26.9m 
wide, and the bottom side is 5m wide. Downstream of diversion canal connecting the diffuser is 50m in 
length. The downstream of diffuser is the forebay, 29m wide. The forebay consists of slope segment and 
flat segment. The length of its slope segment is 40m, and the bottom slope is 1:8, while the length of flat 
segment is 12m, and its elevation is 1803.83m high. Downstream of the forebay connects with four 
pressure pipelines by wall-type water inlets. On the left of the forebay is a discharge structure, WES weir, 
whose elevation is 1818.16m. The overflow weir attaches discharge chute. There are four generating units 
in the power plant. Wall-type water inlet, whose elevation is 1809.83m, is a square cross-section with all 
sides 4m long. 
 Shape of pressure forebay: as shown in Fig.2. 
 Grid: Structured grid is adopted, and the grid is divided into 0.7-1 million parts for each working 
condition. 
 Boundary conditions: Different boundary conditions are set according to different operating conditions. 
When load rejection of four generating units happens, the upstream channel boundary will be set as the 
hydrostatic pressure boundary, the pressure pipeline boundary as the velocity boundary, and the flow 
rate will decrease from 2.785m/s to 0 linearly in 10 seconds. When the last generating unit accepts 
load, the flow rate of pressure pipeline boundary will increase from 0.8m/s to 2.785m/s in 10 seconds. 
When two units accept load successively, the flow rate of pressure pipeline boundary in No.3 and No.4 
unit will increase in turn from 0.8m/s to 2.785m/s in 10 seconds. 
                  
Fig. 1. Simulation of Unsteady Flow in Open-channel   (left)  
Fig. 2. Shape of Pressure Forebay (right)                       
4.2. Calculation of working conditions and description of flow pattern 
This paper mainly studies the changes of flow pattern and water-lever fluctuation of the forebay under 
three different operating conditions such as full load rejection of four units, last-unit load acceptance and 
No.3 and No.4 unit successive load acceptance. The flow velocity distributes symmetrically and the flow 
pattern is steady when four generating units work properly. The flow for electricity generation gradually 
reduces from 35m3/s to 0m3/s when the four units reject all load linearly. At this moment, the flow in 
pressure forebay gradually becomes smaller and the water level increases little by little. When reaching 
the elevation of overflow weir top, 1818.16 meters in height, the water discharges from spillway into 
down streams. Then the slow fluctuations of water level in pressure forebay occur repeatedly, and it 
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stabilizes ultimately at the highest water level in the front part of the forebay. Backflow vortex may be 
formed under the condition of water level fluctuations, which will adversely affect the safe operation of 
generating units. 
The flow velocity in the forebay distributes asymmetrically before generating units accept load. When 
the generating units began to increase load, the flow rate gradually becomes greater, which doesn’t stop 
until flow rates at water inlets of four units are the same. Then, water level of forebay decreases by 
degrees, and slow fluctuations of water level in pressure forebay occur repeatedly and it stabilizes 
ultimately at the lowest water level in the front part of the forebay.  When water level reduces, air-
breathing vortex may appear at water inlets of the pressure pipelines, and water level fluctuations can be 
also a cause of backflow vortex, which will adversely affect the safe operation of generating units. 
4.3. Analysis of calculation results 
4.3.1. Load rejection of four generating units  
Fig.3 shows the change of flow pattern in the forebay after load rejection when pressure head is 14.16 
meters (corresponding water level is 1817.99m). Water flow in the forebay is steady flow with good flow 
pattern (t=0s) before load rejection. 4 seconds later after load rejection, it blooms into backflow water in 
the forebay, with water level rising slowly and backflow strengthening. The reason is that water continues 
to run into the forebay as quickly as it does under normal operation of generating units. However, water 
amount for the generating units reduce to zero. The excess water develops a backflow in the pressure 
forebay, so as to cause water level rises slowly, and discharge from the discharge chute into down streams 
when reaching the top of overflow weir. 80 seconds later after load rejection, the flow pattern is in the 
worst condition, there are two backflows at the center. The facts that water in the forebay rises and falls 
and it returns from the overflow weir cause to develop another backflow. But the two backflows are far 
away from the inlet of pressure pipeline. 200 seconds later after load rejection, backflow phenomenon 
gradually disappears due to positive and negative surge waves in the forebay. With the energy dissipation, 
amplitude of surge waves becomes smaller and smaller, and finally tends to be stable. 
 
t=0s                      t=4s            t=80s                 t=200s 
Fig. 3 Flow Pattern Variation Diagrams in Forebay after Load Rejection of Units 
Fig.4 shows water level in overflow weir begins to go up after load rejection, and the flow pattern no 
longer distributes symmetrically, then backflow begins to occur in overflow weir. As the result of the 
rising water level, water velocity slows down, and then water flows over the overflow weir into discharge 
chute. Fig.5 shows that the highest water level in the forebay is 1818.51meters, lower than the maximum 
designed water level of 1819.69 meters, which makes overtopping phenomenon at the water inlet 
impossible. 
133HOU Caishui  / Procedia Engineering 28 (2012) 128 – 1356 Author name / Procedia Engineering 00 (2011) 000–000 
 
t=16s                                                                             t=30s 
Fig. 4 Flow Pattern Variation Diagrams in Overflow Weir after Load Rejection of Units 
 
Fig. 5 Water Level Variation Diagram of Overflow Weir after Load Rejection of Units  
4.3.2. The last unit loads acceptance 
Fig.6 shows the change of flow pattern in the forebay after loading the last generating unit when the 
pressure head is of 14.3 meters. Seen from the Fig.6, the flow pattern in the forebay is steady flow with 
good condition before loading the unit; while after loading, the flow pattern begins to be unsteady, and 
backflow comes up 200 seconds later. That’s because the flux rate of unit become larger, water in the 
channel flows quickly into the forebay after loading, resulting in slow rise of water level. When the water 
level in the forebay rises and water from the channel can not completely flow into water inlets, the water 
begins to flow back. But 300 seconds later, the backflow vortex, far from water inlets, disappears. 
Therefore, the flow pattern is quite good according to its variation before or after loading. 
Fig.7 shows that water level in the forebay begins to decline after loading units. When it falls to the 
lowest level (that’s 100s), the flow pattern remains relatively stable, and no air-breathing vortex emerges. 
That’s because at the lowest water level, there is still 7 meters distance between water flow and the upper 
wall of water inlet. Then the water level rises and reaches to the maximum one after 220 seconds, 
however, it does not exceed the top of weir, thus, backflow vortex develops in the forebay. Later, 
backflow slowly decreases until it disappears; the water keeps swinging and finally becomes steady after 
a period of time.  
4.3.3. No.3 and No.4 unit successive load Acceptance 
Fig.8 shows the change of flow pattern in the forebay after loading to No.3 and No.4 unit successively 
when the pressure head is 14.15 meters. Seen from Fig.8, the flow pattern is steady before loading. Water 
level begins to fall and the flow pattern becomes unsteady after load acceptance. 140 seconds later, a 
backflow vortex forms in the forebay, then the backflow gradually decreases. Water keeps swinging in 
the forebay. The flow pattern rights again after backflow vortex disappears 300 seconds later. Seen from 
Fig.9, water level begins to decline after loading successively. When it falls to the lowest level (that’s 
70s), no air-breathing vortex appears. That’s because, at the lowest water level, there is still more than 5 
meters distance between water flow and the top of water inlet, and the maximum water level is lower than 
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the elevation of the weir, and the flow pattern is in quite good condition. Therefore, the flow pattern is 
quite good if viewed from its variation before or after loading. 
 
t=0s                        t=100s                     t=200s                     t=300s 
Fig. 6 Flow Pattern Variation Diagram of Last-unit Load Acceptance 
 
Fig. 7 Water Level Variation Diagram of the Last-unit Load Acceptance 
    
t=0s                       t=70s                     t=140s                      t=300s 
Fig. 8 Flow Pattern Variation Diagram of No.3 and No.4 unit Load Acceptance (left) 
Fig. 9 Water Level Variation Diagram of No.3 and No.4 Unit after Load Acceptance(right) 
5. Conclusion 
Calculation results from CFD software agree well with those from the empirical formula. It proves that 
it is possible to carry out simulation analysis on the change of velocity distribution and flow pattern if 
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CFD software, correct method of calculation and the turbulence model are employed. 
At full load rejection condition, overflow in a forebay occurs when the highest water level, still within 
the range of the maximum designed lever, exceed elevation of a side weir. Though backflow vortex 
shapes in a forebay after the load rejection, the vortex, far away from water inlets, disappears after a 
period of time. At load acceptance condition, there is no air-breathing vortex phenomenon at the lowest 
water level, and the flow pattern is good. All these mean that designs of the forebay body and size are 
reasonable. 
At load acceptance condition, backflow vortex begins to occur when the water level rises to a certain 
height. But the backflow vortex only appears in the upper water of the forebay, and disappears in a short 
time. Water in the forebay begins to swing, water level continues to fluctuate, and finally tends to be 
steady. 
At two-unit load acceptance condition, water level reduction is more obvious and faster than that at 
one-unit load acceptance condition. In the former case, water level rises and falls slowly. The final steady 
water levels in these two cases are approximately equal. Therefore, the elevation design of pressure pipe 
inlets top should be based on the operating condition of two-unit load acceptance.  
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